The relationship between climate change and the dynamics of ecotonal populations of mountain hemlock (Tsuga mertensiana [Bong.] Carr.) was determined by comparing climate and the age structure of trees from 24 plots and seedlings from 13 plots in the subalpine zone of Lassen Volcanic National Park, California. Tree establishment was greatest during periods with above normal annual and summer temperatures, and normal or above normal precipitation. Seedling establishment was positively correlated with above normal annual and summer temperatures and negatively correlated with April snowpack depth. The different responses of trees and seedlings to precipitation variation is probably related to site soil moisture conditions. Mountain hemlock populations began to expand in 1842 and establishment increased dramatically after 1880 and peaked during a warm mesic 
Introduction
High-altitude treelines are dynamic tension zones between forest and tundra where climate, especially temperature, exerts strong control on tree growth and tree population dynamics. Tree population responses to climate may be nonlinear because inertia can cause lags in tree mortality or autogenic processes can facilitate recruitment so ecotone shifts may be out of phase with climate change (Franklin and Dyrness, 1973; Kullman, 1986 Kullman, , 1989 Kullman, , 1993 Williams, 1932) , and on all slope aspects, and the short trees appear to be young populations invading sites not previously forested. There is no evidence (i.e., stumps, logs, rotten wood) of a previous forest stand in any of the patches of small trees that I saw in the park.
I hypothesized that the patches of short trees are a young, invading tree population and that climate change triggered the widespread regeneration of mountain hemlock that I observed in Lassen Park. I tested this hypothesis by comparing the age structure of trees and seedlings in regeneration patches to changes in climate, grazing, and fire regimes. Retrospective studies of ecotone dynamics like this one are essential for not only determining how treeline forest structures developed, but for determining how treelines may respond in the future to predicted greenhouse gas induced warming (Houghton et al., 1992) .
Study Area
Lassen Volcanic National Park is located at the southern end of the Cascade Range in northern California (Fig. 1) . Subalpine (>2400 m) forests on mesic sites in the park are dominated by mountain hemlock, while xeric sites on exposed ridges are occupied by whitebark pine (Pinus albicaulis Engelm.) (P6-rez, 1990; Taylor, 1990b; Parker, 1992 (P6rez, 1988) . Soils in the areas that were sampled are Lithic and Typic Cryorthents with high gravel (-60%) and sand content (77-93%) in the soil fraction; silt and clay content are low (P6rez, 1989; Parker, 1992) . Frost weathering is the primary soil formation process in the study area (P6rez, 1990) and frost heaving occurs frequently even in summer on many sites in the mountain hemlock zone. Climatic data for Mineral were extended beyond the instrumental record using least squares regression with data from Chico, Red Bluff, and Redding, California, all nearby stations with long instrumental records (Table 1) . Both annual and seasonal climatic variables were predicted using the regression equations with the highest coefficients of determination. All regression equations were highly significant (Table 1) . April snowpack depth and mean summer maximum and minimum temperatures were not predicted beyond the instrumental record.
Methods
The associations between recent seedling establishment and Ages climate were determined as follows. First, 3-yr averages for each climatic variable were calculated for the length of record (1949-1990) for each variable (seedling ages, temperature, precipitation). Second, density of mountain hemlock seedlings in the seedling plots was averaged for stems initiated during these same 3-yr periods. Finally, correlation coefficients (r) were calculated between climate variables and average mountain hemlock seedling density for the 3-yr periods (n = 14). The relationship between climate variation and tree establishment was examined using a different approach. First, 5-yr averages for each climatic variable (annual and seasonal temperature and precipitation) were calculated for the same 5-yr periods used to summarize the tree age data. For temperature this was 1876-1925 and for precipitation it was 1871-1925. Climate-tree establishment relationships were not determined for years after 1925 because younger age-classes (seedling and saplings) were not aged in the 24 tree plots. Second, normal deviates for each climatic variable for each 5-yr period were calculated using the mean and standard deviation for the length of the climatic record. Third, each 5-yr period was then grouped into an above normal, normal, or below normal category describing climatic conditions during that period. Five-year periods were distributed equally among categories using Z scores of +0.43 as group limits. Plots of normal scores and the climate data indicated that the climate variables were normally distributed. Finally, the median density of trees for each climate category and each climate variable were compared using a Kruskal Wallis H test. 
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Results
INVASIVE TREES
Trees in the sample plots occurred on moderate to steep slopes and on all slope aspects between 2400 and 2666 m (Table  2) . Stand density varied widely (range 367-9000 trees ha-' and the average diameter of an invading tree in the plots was 10.4 cm dbh (range 5.6-15.7 cm) ( Table 2 ). All plots had trees that were sexually reproducing. Seedlings and saplings occurred in most plots, 83 and 88%, respectively, and their density also varied among plots (Table 2 ). An average of 75% (range 24-100%) of the trees in each plot were aged successfully.
The date of initial establishment of mountain hemlock varied among plots. Initial establishment in 21% of the plots occurred in the 1840-1860 period (plots 2, 7, 13, 14, 21) while trees in most plots (79%) first established between 1870 and 1890 (Fig. 3) . Tree age was only correlated (P < 0.05) with diameter (dbh) in 25% of the plots suggesting strong local microenvironmental control on stem growth. The composite age structure for all plots indicates that establishment began to increase dramatically after 1880, and that initial recruitment peaked between 1895-1910 (Fig. 4) (Fig. 6b) .
-T-T T --T-T P -T-T r ---"-" -0 -r-r T --r-r r --T-T
Temporal patterns of average (3 yr) seasonal and annual precipitation were also variable (Fig. 6c) tures. There was a negative association (r = -0.53, P < 0.05) between seedling establishment and April snowpack depth. Mountain hemlock tree establishment between 1871 and 1925 also varied with temperature and precipitation. Establishment was greater during periods with above normal summer and annual temperatures and normal or above normal annual, spring, and summer precipitation (Table 3) (ha-) in 5-yr age-classes by climate group for the period 1871-1925 in the 24 mountain hemlock tree 1984; Kullman, 1984 Kullman, , 1985 Evans and Fonda, 1990 ). Snowpacks melt earlier in warmer and/or drier years extending the snow free growing season. The relationship between climate and mountain hemlock seedling establishment is undoubtedly more complex than the correlations suggest. Other climatically related factors such as the length of favorable climatic periods, germination temperatures, incidence of snow mold, soil moisture, frost heaving, and annual seed crop size probably explain why establishment and/ or survivorship varied between periods with similar climate (Wardle, 1968; Tranquillini, 1979; Kearney, 1982; Kullman, 1984 Kullman, , 1985 Kullman, , 1993 Moreover, the length of warm periods increases the chance that seedlings will establish because there is a higher probability of a good seed crop year.
Climatic change also influenced mountain hemlock tree establishment between 1871 and 1925. During this period establishment was greatest when temperatures (annual, summer) were above normal; this is the same response to temperature that was observed for seedlings between 1949 and 1990. Tree establishment was also affected by precipitation. Establishment was greatest during normal or wet periods. The different responses of tree and seedling populations to precipitation are probably related to the different characteristics of the sites where these populations were sampled.
Tree samples in the park were collected on sloping, welldrained sites and compared to the seedlings samples taken in a flat basin. The positive association between precipitation and tree establishment, in warm periods suggests that low growing season soil moisture may limit mountain hemlock recruitment on more xeric sites. In mesic flats, however, deep snowpacks that are correlated with annual precipitation (r = 0.78, P < 0.01) can retard recruitment. Similar precipitation-site recruitment patterns have been identified for mountain hemlock in the Olympic Mountains (Agee and Smith, 1984) and for other treeline species (e.g. Betula pubescens Ehrh. spp. tortuosa [Ledeb] Nyman) (e.g., Kullman, 1985) .
Associations between climate change and tree establishment during the 20th century have been identified in other Pacific Northwest forests. In late-lying snow basins and subalpine meadows in the coast range of British Columbia (Brink, 1959) Mountain hemlock forest expansion in Lassen Park began as early as 1842 but establishment at most sites (96%) began in the mid to late 1800s. The onset of forest expansion in the park is coincident with the initial resurgence of tree regeneration that occurred in the north Cascades, the coastal range of British Columbia, the White Mountains, and the southern Sierra Nevada. Forest expansion at these other sites is correlated with secular warming which began at the end of the Little Ice Age in the mid to late 1800s (Fig. 8a-c) Livestock grazing has been identified as a trigger causing trees to expand into subalpine meadows in the Sierra Nevada (Vankat and Major, 1978; Helms, 1987; Vale, 1987) , Cascades (Vale, 1981) and in Lassen Park (Taylor, 1990a) . Heavy grazing, especially by sheep, followed by light grazing or no grazing is associated with the onset or invasion in these studies. In Lassen Park, most trees began to invade meadows in the early 1900s after sheep grazing was reduced or eliminated (Taylor, 1990a Expansion of mountain hemlock in the subalpine zone began earlier, in the 1850s, which coincides with the introduction of livestock into the region. But sheep grazing retards tree establishment (e.g., Ratliff, 1985) so forests would not have expanded between 1850 and 1900 if they were being grazed. Moreover, there are no historical records that document grazing in the upper subalpine forests I studied (Strong, 1973; Taylor, 1990a) ; it is unlikely, therefore, that grazing triggered forest expansion. Fires occur rarely in the mountain hemlock zone and forest expansion predates (1840-1880) the fire suppression era (1930s) in Lassen Park (Taylor, 1990a) , so a change in fire regime did not cause forest expansion.
Conclusions
Near treeline mountain hemlock forests in Lassen Park have increased in density since the mid 1800s because of climate change. Warming since the end of the Little Ice Age (1850-1880) triggered population expansion and initial recruitment peaked during a warm mesic period between 1886 and 1915. Recruitment response is spatially variable, however, because high precipitation (i.e., high snowpack) retards recruitment on mesic flats with late lying snow and promotes it on xeric sites. Mountain hemlock populations have continued to expand despite cooling since the 1940s suggesting that inertia, in the form of microclimatic ameloriation by developing tree patches, is causing further recruitment despite unfavorable climatic conditions. The temperature driven change in the mountain hemlock ecotone in the last 150 yr suggests that predicted greenhouse gas induced warming (Houghton et al., 1992) will have a significant effect on ecotonal forests in Lassen Park and elsewhere in the Pacific Northwest.
